Magnetic excitations in the XY-pyrochlore antiferromagnet Er2Ti207 
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The XY-pyrochlore antiferromagnet Er2Ti2 07 is studied by heat capacity measurements and 
electron spin resonance spectroscopy performed on single crystal samples. The magnetic phase 
diagrams are established for two directions of applied field, H \\ [100] and H \\ [111]. In the 
magnetically ordered phase observed below Tjv = 1.2 K, the magnetic excitation spectrum consists 
of a Goldstone mode acquiring an isotropic gap in an apphed field, and another mode with a gap 
softening in the vicinity of a field-induced phase transition. This second-order transition takes place 
at a critical field He above which the magnetization process is accompanied by a canting of the 
magnetic moments off their local "easy-planes". The specific heat curves for H \\ [100] (H ^ He) 
are well described by a model presuming a single dispersionless excitation mode with the energy 
gap obtained from the spectroscopic measurements. 

PACS numbers: 75.30.Sg, 75.50.Ec, 75.30.Kz. 
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I. INTRODUCTION 

Compounds with strong geometrical frustration of 
magnetic bonds have attracted much attention due to 
the unusual properties of their manifold ground states 
and their pecuhar spin dynamics. For some systems the 
degeneracy of the ground state is infinite (in the near- 
est neighbor exchange approximation), vifhich leads to (i) 
delayed magnetic ordering and a wide temperature in- 
terval with a short-range correlated state, the so called 
cooperative paramagnetfi and to (ii) an enhanced role 
for the weaker interactions in the eventual formation of 
a long-range order state at low temperature. Different 
mechanisms for lifting the macroscopic degeneracy and 
selecting a specific ground state is a matter of individual 
consideration for each system. In the case of pyrochlore 
magnets, (nearly) fully ordered states, cooperative para- 
magnetic states, spin-glass and spin-ice states have all 
been observed in different materials 

Experimental investigations of excitation spectra often 
provide the only viable method of determining a specific 
set of interactions to be taken into account for an individ- 
ual magnetic compound. For example, in a Heisenberg 
pyrochlore magnet Gd2Sn207, where the four-sublattice 
structure with k = (a so-called plane cross or a Palmer- 
Chalker state) is found at low temperature^ the spin- 
wave calculations performed for this type of ordering 
with known microscopic parameters of exchange, dipo- 
lar interactions and a single-ion anisotropy^ are in per- 
fect agreement with the experimentally obtained picture, 
thus demonstrating the validity of this description. 

Unlike the Gd-based Heisenberg pyrochlores, erbium 
titanate Er2Ti207 has a strong local XY-typc anisotropy 
of magnetic moments due to the large orbital momen- 
tum of Er'^''' ions {L = 6) which is not quenched by 
the crystal field. The Curie- Weiss temperature in this 
system obtained from the susceptibility data points to 



an antiferromagnetic nearest-neighbor exchange interac- 
tion. Depending on the temperature interval of data fit- 
ting, the value of Qcw varies from -13 K in the higher 
temperature limit 80-300 to -22 K if determined from 
data collected at temperatures below 50 K.— Er2Ti207 
is known to undergo a second order transition to a long- 
range ordered state at about 1.2 K4"— A spherical neu- 
tron polarimetry experiment indicates that the magnetic 
structure is formed from six domains, all of which are 
equally occupied.— In addition, recent high resolution 
neutron diffraction measurements detect the coexistence 
of short and long-range orderJ^ Low-lying excitation 
modes ungapped in zero field and near a critical field 
of about 15 kOe are also observed in this experiment. 
Muon spin-relaxation measurements show non-vanishing 
spin dynamics as the temperature approaches zero^ in 
contrast to the expectations for a conventional magnet. 

The non-coplanar structure appearing below Tn is pre- 
sumed to be induced by fluctuations fi^ii^ but this model 
predicts a strong first-order phase transition, while ex- 
perimentally it is found to be continuous. A mean 
field model which includes single-ion anisotropy and 
anisotropic exchange interactions is capable of produc- 
ing the required long-range order however thermal or 
quantum fluctuations are expected to be important in 
this material. Polarized neutron diffraction measure- 
mentsi^ suggest that in addition to crystal held param- 
eters, an anisotropic molecular field tensor must be in- 
cluded in order to reproduce the experimental values of 
the local susceptibility tensor. 

We present the results of an extensive electron spin 
resonance study of Er2Ti207, which is used as a high- 
resolution probe of the q = energy structure for differ- 
ent directions of an applied field. A Goldstone mode is 
observed and its linear increase with an applied magnetic 
field is traced. Additionally, we have detected a gapped 
mode softening in the vicinity of a critical field. The 
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origin of both types of oscillation is discussed. Specific 
heat measurements were also carried out for H \\ [100] 
and H \\ [111] to complement the previously reported 
resultsi^ for H || [110]. The calorimetry results are 
compared with the ESR and inelastic neutron scattering 
data^ and an overall agreement between the different 
experimental methods is demonstrated. 



II. EXPERIMENTAL PROCEDURES 

A single crystal sample of Er2Ti2 07 was grown by the 
floating zone technique.— Small thin plates of a char- 
acteristic size 1 X 1 X 0.2 mm'^ (about 1 mg in mass) 
containing the (llO)-plane were cut out of the original 
larger sample. The plates were mounted in such a way 
that the magnetic field was applied in the sample plane 
in order to minimize the demagnetization effect. Spe- 
cific heat was measured using a Quantum Design Physi- 
cal Property Measurement System calorimeter equipped 
with a '^He option and a 90 kOe cryomagnet. 

ESR measurements were carried out using a home- 
made transmission type spectrometer built on a '^He- 
cryostat with a base temperature of 0.45 K. The lowest 
eigen-frequency of the resonant cavity was 25 GHz. The 
highest frequency was limited to about 70 GHz by the 
so-called "size effect" i.e. the condition that the half- 
wavelength of the microwave radiation inside the sample 
is of the same order as the sample size. For the py- 
rochlore magnets, this limit is especially rigid because of 
their large magnetic permeability. It has been shown in 
case of another pyrochlore, Gd2Ti207, that above this 
frequency limit a parasitic absorption (not directly re- 
lated to magnetic excitation spectrum of the samples) 
can disguise its resonance pattcrnJ^ 



III. EXPERIMENTAL RESULTS 

The temperature dependence of the specific heat in 
zero external magnetic field is shown in Fig.[TJ It demon- 
strates a sharp anomaly at Tn = 1.2 K in close agree- 
ment with the previously obtained results. This peak 
corresponding to a second-order phase transition into a 
magnetically ordered state is followed by Cp oc drop 
of specific heat on decreasing the temperature. The mag- 
netic entropy of the system obtained by integrating the 
Cp/T curve with the phonon contribution subtracted (see 
below for details) saturates at the value of i?ln2. This 
points to the effective S = 1/2 pseudo-spin character of 
the magnetic Er'^^ ions originating from the double de- 
generacy of its ground state in a crystal field. 

In an applied magnetic field the transition shifts to 
lower temperatures and becomes difficult to detect in the 
C(T) curves. The transition is also traced by record- 
ing the field dependence of the specific heat at con- 
stant temperature. The C{H) dependence measured for 
two different directions of the external magnetic field, 
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FIG. 1: (Color online). Specific heat divided by temperature 
of Er2Ti207 in zero field. Solid line is Cp/T oc T'^ fit for the 
low-temperature part of the curve. The inset shows the field 
dependencies of the specific heat at T = 0.52 K: H \\ [100] - 
0,H\\ [lll]-». 



H \\ [100] and [111], shows that the peak anomalies 
are easily detectable (see the inset to Fig. [T]) and that 
their behaviors are quite anisotropic in nature with the 
transitions occurring at TjI^*"^' = 16.5 ± 0.5 kOc and 
i/l"^! = 13.5 ± 0.5 kOe. 

The observed transformation of the C [T] curves on in- 
creasing the external magnetic field up to and above the 
He for these two field directions is similar to the behavior 
reported in Ref. [l3 for i? [[ [110]. In higher applied fields, 
the sharp low-temperature anomaly seen in the C(T) 
curves is replaced by a much broader feature developing 
in the higher-temperature part of the curves (see Fig. . 

Following the results of an inelastic neutron scatter- 
ing experiment for H \\ [110] in Ref. which showed 
for the lower excitation mode the dispersion vanishing at 
H ^ He, one can attempt to approximate Er2Ti207 in 
high fields as an ensemble of non-interacting two-levels 
systems. In this case, the molar specific heat can be ex- 
pressed in the form: 



Cp ~ aR 



A 

kT 



-A/kT 



(l + e-^A^)2 



(1) 



where the first term represents the Schottky anomaly (A 
is the gap value, a ~ 1 is a numerical coefficient), and 
the second term is the phonon contribution. Taking a, (3 
and A as fitting parameters, one can perfectly well repro- 
duce the specific heat curves in higher fields (50, 70 and 
90 kOe) in Fig. [2^ for H \\ [100] over the entire tempera- 
ture range shown. For all scans we obtain a = 0.84±0.01 
and /3 ~ (1.33 ± 0.03) x 10"^ J/(K4 mole Er). The 
latter value agrees well with the specific heat of an 
isomorphous nonmagnetic compound Y2Ti207 (see e.g. 
Ref. Il9f ) rescaled to Er2Ti2 07 by molar mass in the ap- 
proximation that the Debye temperature 9 oc 1/a/A/. 
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FIG. 2: (Colour online). Temperature dependencies of the 
specific heat divided by temperature of Er2Ti207 in various 
magnetic fields applied along the [f 00] (a) and [f f f] directions 
(b). Solid lines represent the fits to equation fT]) as described 
in the main text, the phonon contribution to the specific heat 
is shown by the dashed lines. 



The field dependence of the gap values is presented in 
the resulting phase diagram (Fig. [B]) and discussed be- 
low. Only the high temperature part of the heat capacity 
measured at — 30 kOc can be satisfactorily described 
by equation ([l}, as the low energy contributions to the 
entropy are not taken into account in this simple model. 
The observed behavior of the specific heat indicates that 
the high field excitation spectrum may indeed be mod- 
eled as a set of two-level systems with a field- dependent 
gap, while nearer to the critical field, a more important 
role is played by the dispersion of the excitation mode. 

The specific heat reported by Ruff et ali^ for a mag- 
netic field along the [110] direction exhibits the same 
properties. The high field Cp{T) curves shown in Fig. 1 
of Ref. [12 can also be described in the manner outlined 
above. The corresponding gap value at i7 = 70 kOe is 
shown on Fig. [S] for reference. 

Using the same model, however, we could not obtain 
satisfactory fits to our data obtained for H \\ [111]. The 
solid lines on the lower panel of Fig. [2] drawn with the 
same set of parameters as for H \\ [100] illustrate the 
point that some of the magnetic entropy for this field 
direction is redistributed to lower temperatures. One 



could suggest that the energy of the long-wave excita- 
tions grows more slowly for a magnetic field applied along 
the [111] axis than for other field directions. The rela- 
tionship between the heat capacity data and the results 
of the magnetic resonance measurements is discussed be- 
low. 

The resonance absorption spectra recorded at the low- 
est experimentally available temperature of 0.45 K at 
constant frequency on increasing/decreasing field sweeps 
are presented in Fig. [31 Rather similar results have been 
obtained at H < He for fields along the [100], [110] and 
[111] axes. Two spectral lines of Lorentzian shape are 
observed below Tjv. The resonance field of line 1 grows 
linearly with the increasing frequency while the position 
of line 2 shifts to lower fields. Their relative intensities 
vary with field direction but the halfwidth of both lines 
lie in the interval AHi^2 — 1 — 1.2 kOc. The nearly 
frequency independent resonance field of the second line 
in the vicinity of the critical field points to the possible 
complete softening of this resonance mode, although our 
experimental frequency limit docs not allow for spectral 
records below 25 GHz (corresponding to energies of about 
0.1 mcV). At higher fields, for H > He, a third narrow 
line (AiJs ~ 0.2 kOe) appears in the spectra for _ff || [100] 
and [110]-axes, while for H \\ [lll]-axis an absorption of 
this type is not seen. Instead, two much broader spec- 
tral lines with considerably smaller intensities (lines 3a, b 
on the lowest panel of Fig. [3]) are observed. A quantita- 
tive analysis of the frequency-field diagram is performed 
below. 

A typical transformation of the resonance spectrum on 
increasing the sample temperature above the Neel point 
is shown in Fig. |4l The records at f = 40.2 GHz reveal 
an intensity loss for all three spectral lines on heating. 
Lines 1 and 2 almost disappear at the transition temper- 
ature (about 1.0 K and 0.8 K for the corresponding res- 
onance fields). Although line 3 exists in the higher fields 
and is therefore not directly related to any low-field an- 
tiferromagnetic order, it is observed only at low temper- 
ature, broadening and disappearing on warming above 
1.5 K. As seen in Fig. HI the absorption in the sample is 
accompanied by a broad non-resonant background grad- 
ually vanishing in the high field limit. This background 
signal grows in amplitude on approaching the Neel tem- 
perature and finally replaces the three lines of the low- 
temperature spectrum. Comparing the spectra recorded 
at various frequencies one finds that the background is 
excited only by the microwave field component directed 
along the external magnetic field. Therefore, the absorp- 
tion is associated with the longitudinal oscillation of the 
magnetic moment and should be damped in the vicinity 
of the field at which the magnetization reaches its maxi- 
mum value. A similar effect was observed in the Heisen- 
berg pyrochlore system Gd2Ti207 where the longitudinal 
susceptibility was supposed to result from a partial dis- 
order of the magnetic ground statei^ As in the present 
case, this mode had very strong relaxation (of unknown 
origin) which makes it impossible to observe other than 
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FIG. 4: (Colour online) The temperature evolution of the 
absorption spectra of Er2Ti2 07 measured at the frequency 
V = 40.2 GHz for a field parallel to [110]. The inset shows 
the field dependence of x" extracted from the absorption 
records, fitted by a sum of three Lorentzian spectral compo- 
nents (dashed line) on the non-resonant background (dashed- 
dotted line). 
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FIG. 3; Magnetic resonance absorption spectra in Er2Ti207 
recorded at the lowest experimental temperature of 0.45 K at 
different frequencies of the microwave radiation for the three 
principal orientations of the external magnetic field H || [100], 
[110] and [111]. Narrow weak peaks are the DPPH labels (a 
paramagnet with the g-factor of 2. 



in the form of a broad non-rcsonant background vanish- 
ing above the saturation field. Approximating the sys- 
tem as a set of "rigid" sublattices canted to the magnetic 
field, one obtains the slow response of the system to the 
microwave field to be x ~ cos^ ip. where (/s is an angle be- 
tween the sublattice and the field. Since the total magne- 
tization of the system is M = sin (Mc is a maximum 
magnetization), the resulting contribution of such a de- 
gree of freedom to the dynamic susceptibility of the sam- 
ple can be estimated as x" « 1 - (Af /M^)^ = 1 - {H/Hc)"^ 
{He is a critical field). The above approach is qualita- 
tively illustrated in the inset to Fig. 21 The imaginary 
part of the dynamic susceptibility extracted from the ab- 
sorption spectrum record was fitted by a sum of three 
resonance lines of Lorentzian shape and a non-resonant 
background with He taken as a fitting parameter. The fit 
shown by the solid line was achieved for He = 23.6 kOe 
which compares reasonably well to the value of the criti- 
cal field, given the simplicity of the above approximation. 
One should also mention, that although this transition is 
associated with slowing down the magnetization growth, 
it is not a usual saturation field, as will be discussed bc- 



IV. DISCUSSION 

For comparison with the experimentally observed spec- 
tra one should first determine the g-values of a single 
Er'^+ ion in a crystal field (CF) for the various directions 
of an external magnetic field. The total momentum in 
the ground state of Er'^^ ion (electron shell configuration 
4f"6s") is J = 15/2 (L = 6, 5 = 3/2). The CF of a trig- 
onal D^d point symmetry at the erbium sites (the three- 
fold axes are parallel to local [111] axes) splits the 16- 
fold state into 8 doublets. A calculation of this splitting 
using the CF Hamiltonian parameters rescaled from an- 
other pyrochlorc compound Ho2Ti207 (given in Ref. [20l) 
describes well the observed gaps between the lowest and 
two excited CF levelsi^ and gives the following expression 
for the lowest Kramers doublet: ^1,2 = 0.543 l^p-y) ± 
0.238 |t|) - 0.563 |±i) t 0.388 |±|) -I- 0.426 |±f ). Us- 
ing these wave-functions, one can easily calculate the sin- 
gle ion energy splitting under magnetic field applied at 
an arbitrary angle a with respect to a local trigonal axis: 

Ae = ^isH^ g^^ cos^ a + g\ sin^ a, (2) 

where g\\ = 0.24 and g±^ = 7.6 are the ^-factors parallel 
and perpendicular to [111]. A more general calculation 
which involves the solution of a total atomic Hamilto- 
nian and uses high temperature susceptibility data in the 
fitting procedure gives slightly different lowest doublet 
wave- functions but the same g-valuesi^ It should be noted 
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Ref.^^10 Ref.je usjH) 

[100] 6.2 5.8 5.4 
[110] 4.4, 7.6 4.5, 6.8 5.4 
[111] I 0.2, 7.1 I2.6, 6.5] 4.6 

TABLE I: The calculated effective g-values of a lowest 
Kramers doublet splitting in a magnetic field and the slope 
of magnetic resonance branch 3 observed above He for three 
principal field directions. 



that recent neutron scattering measurementsi* have de- 
termined a much less pronounced XY-anisotropy of the 
local susceptibility tensor with the values of = 2.6 
and g± = 6.8. When the field is applied along [100]- 
axis all four magnetic moments in the unit cell are in 
equivalent positions with cos a = l/\/3. Field direc- 
tions H II [110] and [111] create two noncquivalcnt po- 
sitions with cosai = 1/2/8, cosa2 = and cosai = 1, 
cos a2 — 2^/2/3 respectively. The corresponding effective 
p-values are collected in a Table HI 

Let us now analyze the resonance spectra measured 
at the temperature 0.45 K for the three different orien- 
tations of the external magnetic field. The frequency- 
field diagram is presented in Fig. [S] The resonance 
spectrum observed below the critical field He consists 
of two branches. Branch 1 is increasing in field and can 
be approximated by a linear dependence v = "/H with 
the value of 7 slightly dependent on the field direction: 
7[ioo] = 3.8 ± 0.1 GHz/kOe, 7[no] = 3.6 ± 0.1 GHz/kOe, 
7[iii] = 4.1 ± 0.1 GHz/kOe, which correspond to effec- 
tive 5-values 2.7, 2.6 and 2.9 respectively. This linear in 
field gap signifying the existence of a Goldstone mode 
at zero magnetic field is quite unexpected for a strongly 
anisotropic magnetic system where all the acoustic modes 
should be infiuenced by spin-orbit coupling. The resid- 
ual gap due to a possible (within the experimental ac- 
curacy) deviation from the linear extrapolation to zero 
field docs not exceed a value ^ 10 GHz ~ 0.04 mcV. 
One should also note that the power law dependence of 
the specific heat Cp oc extending to very low tem- 
peraturesSii^ confirms the existence of gaplcss magnetic 
excitations at zero field. Obviously, this mode cannot be 
interpreted in terms of a single ion splitting. The ob- 
served increase of the gap, which is linear in field, should 
be ascribed to a uniform oscillation of the magnetization 
resulting from the in-phasc spin motion in the planes per- 
pendicular to the local [111] axes. 

Branch 2 has a gap that diminishes quickly in the 
vicinity of the critical field. Although the high frequency 
measurements were hindered by the "size effect" and the 
zero field gap of branch 2 is not determined from our 
experiment, one can relate this branch to the gapped 
mode with Aq ~ 0.4 meV observed by inelastic neutron 
scattering.— The field dependence of this branch in the 
vicinity of the second order transition H = He is similar 
to the behavior of the optical branch near the spin-flip 
transition: A ^ Ao-\/l — [H/Hc)^. Using this formula 
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FIG. 5: (Colour online) The frequency-field diagram obtained 
from the resonance spectra of Er2Ti207 at T = 0.45 K (shown 
in fig.El): D~H\\ [100], O - H \\ [110], • - H \\ [111]. Fits to 
all observed spectral modes are shown by solid lines, dashed 
line is a DPPH label corresponding to the paramagnet with 
5 = 2. 



one can satisfactorily approximate the field dependence 
of branch 2 for all three field orientations and therefore 
estimate the critical field values: h[^^^^ = 16.5 ±0.5 kOe; 
i/l""! 16.0 ±0.5 kOc and i?!"^' = 15.0 ±0.5 kOc. An 
optical branch with an analogous field dependence was 
observed in the spectrum of the Heisenberg pyrochlores 
Gd2Ti207 and Gd2Sn207. It corresponds to the out-of- 
phase oscillations of spins in local "easy" planes. 

The analysis of the relative intensities of the mag- 
netic Bragg peaksi^ shows that the field-induced trans- 
formation of the magnetic structure can roughly be de- 
scribed as a rotation of magnetic moments in their local 
"easy-planes". The critical field is determined by the 
maximum value of the magnetic moment which can be 
achieved without canting from these planes. This ge- 
ometric restriction was analyzed theoretically and the 
corresponding critical fields were calculated.— The ra- 
tio i?l^°°V-ff'"°' = 2v^/(v^+ 1) ~ 1.04 is in agreement 
with our results within the experimental accuracy while 
the theoretical value for 7j[^°°V-^i"^' = 7v^/(3v^ + 
~ 1.3 appears to be considerably larger than the 
value 1.1 obtained from our ESR experiments. In con- 
trast, the corresponding ratio of critical fields measured 
by specific heat, 16.5 : 13.5 ~ 1.2 demonstrates better 
agreement with the model. The resulting phase diagram 
obtained on the basis of both measurements at H \\ [100] 
and [111] are shown in the upper panel of Fig. [6l 

At H > He, for two directions of the magnetic field 
H II [100] and [110], there exists a single gapped res- 
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FIG. 6: Upper panel: The phase diagram of Er2Ti2 07 for 
H II [100] (□, ■) and H \\ [111] (O, •) obtained from spe- 
cific heat and magnetic resonance data respectively. Lower 
panel: gap values determined from fitting the Cp(T) curves for 
H II [100] by equation ([1]); v{H) dependence of ESR branch 3 
is shown by crosses, solid line is a linear extrapolation of this 
branch to high fields. The schematic transformation of the ex- 
citation spectrum at high fields (based on experimental data 
from Ref. is given in the inset. 



onance mode that increases linearly in field as = 
A{Hc) + 7(i? — He), with roughly the same effective 
gyromagnetic ratio 7 = 7.5 GHz/kOe {g = 5.4) and 
Aijic) < 5 GHz. For H || [111] a resonance mode of this 
type is absent and is replaced by two spectral components 
with smaller amplitudes and much larger linewidths giv- 
ing evidence for increased damping of these oscillations. 
Their energies also grow linearly in field with somewhat 
smaller 7 = 6.4 GHz/kOe (5 = 4.6). 

Obviously, the influence of a magnetic field on the col- 
lective excitations above is more associated with the 
single ion level splitting than in the antiferromagnetic 
phase. The linear in field increase of the gap observed 
for H II [100] is rather close to the single ion factor (es- 
pecially to the one reported in Ref. [l6h . while for [110] the 
(^-factor lies between the values for two nonequivalent po- 
sitions (see Table HI). The absence of a well defined collec- 
tive oscillation mode in the third field direction H \ [111] 
is most likely the result of a large difference of single ion 
g-values in two nonequivalent positions which should de- 
stroy the coherent precession of an ensemble of spins with 
an average frequency. 

One can also establish a relationship between the in- 
crease of the gap as observed directly by the ESR spec- 



troscopy and the evolution of the specific heat curves un- 
der field. The gap values obtained from the specific heat 
in the approximation of a single dispersionless gapped 
mode (two-level Schottky anomalies) and the field de- 
pendence of branch 3 at || [100] are presented in the 
lower panel of Fig. [B) The difference between them at 
fields just above the transition results from the effect of 
dispersion on the specific heat which is not taken into 
account in our fitting. The convergence of the Schot- 
tky anomaly gaps to the high field linear extrapolation 
of branch 3 is evidence of a decrease in the dispersion of 
this mode in the high field limit. A similar effect, shown 
schematically in the inset of Fig.[6l was directly observed 
in inelastic neutron scattering experiments for H || [110]. 
The agreement between ESR and specific heat data (sin- 
gle ESR branch and satisfactory modeling by a two-level 
system) is also established for H || [110]. In contrast, 
the failure of such a model for H || [111] (see Fig. [5]) can 
be considered as a bulk analog of the absence of a well 
defined excitation branch in the ESR measurements. 



V. SUMMARY 

In conclusion, the specific heat and the low temper- 
ature magnetic resonance spectra were studied in the 
XY pyrochlore antiferromagnet Er2Ti207. A Goldstone 
mode with a gap linearly dependent on the applied field 
is observed in the ordered state. Another mode has a zero 
field gap consistent with the inelastic neutron scattering 
results which softens in the vicinity of the second order 
transition driven by magnetic field. Presumably, these 
collective modes correspond to in-phase and out-of-phase 
oscillations of spins in local "easy" planes. The critical 
field values are determined in three principal field orien- 
tations both from ESR and specific heat measurements. 
This transition is associated with the maximum possible 
spin reorientation without canting from their planes. In 
the high field phase the excitation spectrum for two field 
directions H || [100] and H || [110] consists of a single 
branch. The linear increase of the gap of this branch in 
magnetic field is somewhat related to the f;-factor values 
characteristic of a splitting of a single ion lowest doublet. 
The specific heat curves observed at high fields demon- 
strate a Schottky-type anomaly with a gap that also in- 
creases with field. No well defined excitation mode was 
observed above iJc at H || [111]. Accordingly, the spe- 
cific heat in strong magnetic fields does not demonstrate 
a two-level splitting with a single gap. A large difference 
in (/-factors for the two nonequivalent positions of the 
magnetic ions with respect to the field is suggested to 
account for the absence of a collective excitation mode. 
Our measurements provide a framework with which to 
calculate the excitation spectrum in Er2Ti207 using an 
effective pseudo-spin-1/2 model. 
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